Because bacteria are implicated in the pathophysiology of gut inflammation, the ability of the superantigen Yersinia pseudotuberculosis mitogen (YPM) to alter epithelial ion transport and permeability was examined by two model systems: epithelial (T84) monolayers cocultured with peripheral blood mononuclear cells (PBMC) with or without YPM and colonic segments from YPM-treated mice. YPM immune activation in vitro caused reduced active ion transport responses to the prosecretory agent forskolin (increases cAMP) and increased permeability. Similar changes in T84 function were evoked by conditioned medium (CM) from YPMactivated PBMC, and tumor necrosis factor-a and interferon-g were mediators of these events. There has been significant progress in unraveling the structure and immune-activating properties of YPM [8] ; however, there is a lack of information on the physiologic consequences of exposure to this bacterial SAg, particularly in terms of gut function. In the present study, in vitro and in vivo strategies were used to examine the effect of YPM on enteric epithelial ion transport and permeability.
Infections with the gram-negative enteropathogenic bacillus
Yersinia can result in intestinal discomfort, variable diarrhea, inflammation in the terminal ileum, and systemic symptomatology such as fever, rash, and lymphadenopathy [1] . Bacterial superantigens (SAgs) are small peptide molecules that activate large numbers of T cells (р25%) by cross-linking major histocompatibility class II antigens with the appropriate domain of the variable portion of the b chain (Vb) of the T cell receptor [2] . A novel SAg designated Yersinia pseudotuberculosis mitogen (YPM) has been isolated [3] and implicated as an important molecule in the pathogenesis of Y. pseudotuberculosis infection [1, 4] . Bacterial SAgs of unknown origin have been implicated in autoimmune and inflammatory disease [5] , including inflammatory bowel disease (e.g., Crohn's disease) [6] . It is noteworthy that Y. pseudotuberculosis isolated from animals with systemic infections all produced YPM and that many of the strains that caused gastroenteric-type infections also produced YPM [7] .
There has been significant progress in unraveling the structure and immune-activating properties of YPM [8] ; however, there is a lack of information on the physiologic consequences of exposure to this bacterial SAg, particularly in terms of gut function. In the present study, in vitro and in vivo strategies were used to examine the effect of YPM on enteric epithelial ion transport and permeability.
Materials and Methods

Cell Culture Studies
YPM immune activation. Peripheral blood mononuclear cells (PBMC; 10
5 cells/well) were isolated from healthy volunteers [9] and incubated at 37ЊC for 24 h with or without YPM (100 ng/well; lipopolysaccharide-free) in 96-well plates. Each well was pulsed with 1 mCi of [ 3 H]thymidine (DuPont, Wilmington, DE), cells were harvested, and radioactivity was determined in a scintillation counter (Becton Dickinson, Mississauga, Canada) 18 h later.
To determine cytokine production, 10 6 /mL PBMC were cultured with or without YPM (1 mg/mL) for 24 h, and tumor necrosis factor (TNF)-a (Biotrack, Oakville, Canada), interleukin (IL)-2 (Advanced Magnetics, Cambridge, MA), and interferon (IFN)-g (Serotec, Toronto) production was determined by ELISA. Cytokine assays were conducted in duplicate serial dilutions and had a detection limit of 4 pg/mL. Prostaglandin E 2 (PGE 2 ) levels were measured by EIA (Amersham Pharmacia Biotech, Piscataway, NJ; sensitivity, 50 pg/mL) in conditioned medium (CM) from YPM-activated PBMC before and after exposure to T84 cells (human colonic crypt-like epithelial cell line). Also, T84 cells ( /well) were cultured for 7 days, treated with CM from
Epithelial ion transport and permeability.
Coculture studies were done as described elsewhere [9] . In brief, filter-grown confluent monolayers (transepithelial resistance у1000 Qcm 2 ; determined by chopstick electrodes and a voltmeter [Millicel-ERS; Millipore, Bedford, MA]) were cocultured for 24 h with PBMC (10 6 cells [10] ) with or without YPM (1 ng-1 mg/mL). Immune cells with or without YPM were added to the basal compartment of the coculture well. In some experiments, PBMC and YPM were concomitantly treated with piroxicam (10 Ϫ6 M; Sigma, St. Louis). In additional experiments, PBMC were activated for 24 h with YPM (100 ng/mL), and cell-free CM was collected and diluted 1 : 1 in fresh media (50% CM) and then added with or without piroxicam (some studies used ketoprofen [10 Ϫ6 M; Sigma]) to the basal chamber of the culture well. Epithelial function was examined 3-24 h later. In another series of experiments, arachidonic acid (10 Ϫ6 M; Sigma) was added to the basolateral surface of naive T84 monolayers, and epithelial permeability and ion transport were assessed 24 h later. In a final series of experiments, CM was preincubated with TNF-a neutralizing antibodies with or without neutralizing IFN-g antibodies (both at 10 mg/mL; PharMingen, Mississauga, Canada) for 4 h at 37ЊC, and we assessed the ability of this cytokine-preabsorbed CM to alter epithelial function. Controls consisted of T84 monolayers cultured in (1) media only, (2) exposed to YPM only (1 mg, basolateral), (3) exposed to piroxicam or ketoprofen only (10 Ϫ6 M, basolateral), and (4) cocultured with nonactivated PBMC.
After coculture, T84 monolayers were mounted in Ussing chambers (Precision Instrument Design, Tahoe City, CA), and transport and barrier functions were examined under voltage-clamped conditions [10] . The spontaneous potential difference across the monolayer was maintained at 0 V by an automated voltage clamp (WPI Instruments, Mississauga, Canada), and the injected short-circuit current (ISC, mA/cm 2 ) was monitored continuously as an indication of net active ion transport. Baseline ISC was recorded after a 15-min equilibration period. Stimulated Cl Ϫ secretion was elicited by adding the adenylate cyclase activating agent, forskolin (10 Ϫ5 M; Sigma), to the basolateral surface of the monolayers, and the maximum change in ISC was recorded [11] . Epithelial permeability was assessed by measuring transepithelial ion resistance [10] .
Epithelial integrity. Intracellular lactate dehydrogenase (LDH [9] ) activity (clinical chemistry laboratory analyzer; McMasterChedoke Hospital) was determined in the cell culture medium after exposure to CM from YPM-activated PBMC.
Animal Studies
Male Balb/c mice (7-9 weeks old; Charles River Animal Suppliers, St. Constant, Canada) received a single intraperitoneal injection of 20 mg of YPM and were sacrificed by cervical dislocation 4 h later (we previously showed changes in jejunal function at this time point in SAg-treated mice [12] ). For comparison, mice were treated with Staphylococcus aureus enterotoxin B (SEB), a prototypic SAg [13] . Control animals received PBS only.
Immune activation. Serum IL-2 was measured by sandwich ELISA (PharMingen). Splenocytes (10 5 cells) were added to 96-well culture plates with or without 100 ng/well of YPM, SEB, or concanavalin A (ConA; Sigma). Forty-eight hours later, each well received 1 mCi of [ 3 H]thymidine; the cells were harvested, and radioactivity was determined 18 h later [12] .
Ion transport. A 3-cm portion of the proximal colon was removed (1-cm distal to the ileal-colonic junction), opened, rinsed, and divided in two. Each segment was mounted in an Ussing chamber (exposed surface area, 0.6 cm 2 ). Changes in net active ion transport were recorded in response to (1) electrical transmural field stimulation (ETS; at 10 Hz, 10 mA, 0.5 ms for 5 s total) and (2) addition of forskolin or PGE 2 (both 10 Ϫ5 M) to the buffer bathing the serosal side of the tissues [12] .
Histology. A segment of proximal colon (taken at the ilealcecal junction) was fixed in 10% neutral buffered formalin, dehydrated, and embedded in paraffin wax, and 3-mm sections were cut and stained with hematoxylin-eosin. Specimens were collected on coded slides and examined in a blinded fashion for evidence of damage, epithelial changes, and inflammatory infiltrates. Crypt depth was measured by using an eyepiece graticule on whole crypts defined by an intact epithelial layer.
Analysis
Data are expressed as . Because a degree of intermean ‫ע‬ SE passage variability in T84 responses has been noted [9, 14] , data were normalized to time-matched media-only treated control monolayers and are presented as percentage of control values. "N" values are the number of experiments (i.e., 2-4 T84 monolayers/ experiment) or number of mice (2 colonic segments/mouse). We used Student's t test to compare two groups and a one-way analysis of variance followed by post hoc comparisons with the NewmanKeuls test for multiple group comparisons.
was considered P ! .05 statistically significant.
Results
YPM in vitro and in vivo immune activation.
In vitro exposure of human PBMC to YPM resulted in immune activation as assessed by cytokine production and a restimulation proliferation assay (table 1) . The increased production of IL-2 indicated T cell activation and confirmed previous observations [5] . Similarly, mice treated 4 h earlier with YPM had elevated serum levels of IL-2, and spleen cells isolated from these mice had enhanced proliferative responses to in vitro rechallenge with YPM compared with cells from time-matched control mice (table 1) forskolin. In subsequent experiments, we used T84s grown in medium only as controls.
In contrast to baseline ISC, change in ISC to forskolin was significantly reduced in T84 monolayers cocultured with YPMactivated PBMC for 24 h (figure 1). Concomitant with this was a dose-dependent drop in transepithelial resistance (figure 1). These changes in epithelial function were due to a soluble mediator, since virtually identical epithelial irregularities were evoked by CM from the YPM-activated PBMC (figure 2). Addition of TNF-a antibodies to the CM led to a partial inhibition in the drop in transepithelial resistance, and the change in ISC to forskolin remained reduced (table 2) . However, the combination of antibodies to TNF-a and IFN-g completely prevented the CM ( ) from YPM-activated PBMC to alter T84 ren = 3 sistance and active ion transport (table 2) .
Since prostaglandins directly affect epithelial function and can modulate cytokine synthesis [15] , we examined the role of known inhibitors of prostaglandin synthesis in YPM ϩ PBMC modulation of the epithelium. While piroxicam alone had no direct effect on T84 function (figure 3), it prevented the YPM ϩ PBMC-induced drop in transepithelial resistance but had no beneficial effects in preventing the reduced change in ISC response to forskolin (figure 3). Piroxicam treatment also prevented the drop in resistance caused by exposure to CM, showing that the epithelium was the target cell for the piroxicam effect ( ) or secretory responsiveness to forskolin, P = .22 which was 96.5% of control values. PGE 2 was not detected in CM from YPM-activated PBMC before addition to T84 epithelia or on retrieval after 24 h of exposure to confluent T84 monolayers ( ). Also, intraceln = 3 lular PGE 2 was not increased in T84 cells treated with YPM-CM (data not shown).
Epithelial integrity. The ability of epithelial monolayers to experiments; letters indicate stan = 3-5 tistically similar groups and significant difference from control at P ! ; control resistance range, 1000-2500 Qcm 2 ; control FSK response .05 range, 51-151 mA/cm 2 ). vectorially transport charged ions, albeit at a reduced rate, indicates a functional monolayer. Determination of released LDH levels showed no significant increase in T84 cell cultures exposed to YPM-activated PBMC-CM compared with T84 cell monolayers grown in culture medium only ( and 113.5 ‫ע‬ 4.5 U/L, respectively). 111.5 ‫ע‬ 2. 53 ‫ע‬ 10 SEB-treated mice, respectively ( ; ; vs. mean ‫ע‬ SE n = 6 P ! .05 control). Colonic histology of mice treated 4 h previously with YPM or SEB was unremarkable. There were no signs of epithelial damage, edema, altered crypt architecture or size, or inflammatory infiltrate compared with colonic tissue from timematched control mice.
Discussion
Skewing of T cell receptor Vb expression in some persons with Crohn's disease has led to the suggestion that SAgs are involved in human enteric inflammatory disease [6] . Indeed, 35 years ago the same postulate was expounded, and elegant descriptive studies illustrated the enteric histopathology evoked by treatment with crude preparations of S. aureus or SEB [16, 17] . These early studies did not examine gut function, although it was noted that the treated animals developed a variable diarrhea. Consequently, we have begun to explore the enteric physiologic consequences of exposure to bacterial SAgs, and the data presented here illustrate the ability of these potent immune stimuli to evoke altered epithelial permeability and/or ion transport.
Epithelial ion transport (the driving force for directed water movement) and barrier functions are important elements of host innate immunity that are typically perturbed in animal models of gut disease and in persons with a variety of idiopathic and T cell-driven enteropathies [18] . Y. pseudotuberculosis infection can result in gut disturbances [19, 20] , and YPM is a probable pathogenicity factor in this infection [21] . Before assessing YPM's ability to affect gut epithelial function, it was important to determine whether YPM elicited an immune response in the model systems used here. The increases in PBMC proliferation and cytokine production (including T cell-specific IL-2) confirmed the immunostimulatory properties of YPM [4] . Also, YPM was active in vivo, as judged by a hyperresponsiveness of splenocytes to subsequent in vitro YPM challenge. The activity status of gut-derived T cells was not examined in this study, although we have reported that like splenocytes, jejunal lamina propria lymphocytes from mice treated 4 h earlier with SEB are hyperresponsive to in vitro rechallenge with SEB [12] .
Exposure of T84 epithelial monolayers to YPM-activated PBMC or CM from YPM-activated PBMC led to increased epithelial permeability and a reduced capacity to respond to forskolin. These data corroborate similar observations with the unrelated SAg, SEB [9, 10] , and add further credence to the hypothesis that exposure to bacterial SAgs can result in perturbed epithelial physiology. The altered epithelial function was accompanied by increased levels of TNF-a and IFN-g, both of which can directly and indirectly modulate epithelial physiology [22] . The findings that neutralization of TNF-a and IFNg completely prevented YPM-CM from affecting T84 function is in accordance with data examining the mechanism of SEB modulation of epithelial function in vitro [10] . In addition, IFNg and TNF-a have been implicated in the pathophysiology of YPM and SEB toxic shock in mice [21, 23] .
In addition to their ability to influence immune cell proliferation and cytokine production [15, 24] , prostaglandins can be a final mediator in cytokine effects on epithelial function [25, 26] , and enterocytes can respond to cytokines by increasing arachidonic acid metabolism [27] . Generally, prostaglandins are cytoprotective in the gut, mediating epithelial restitution [28, 29] and maintaining epithelial barrier function [30] . In contrast, piroxicam inhibition of prostaglandin synthesis correlates with enhanced barrier function in rodent gastric mucosa [31] . The effects of prostaglandins can also be modulated by the presence of other mediators [32] .
Inclusion of piroxicam or ketoprofen (nonselective inhibitors of constitutive and inducible cyclooxygenase [COX I and II]) in epithelial PBMC ϩ YPM cocultures or addition to CM from YPM-activated PBMC prevented the disruption of epithelial permeability but did not affect the diminished ion transport responses to forskolin. These data indicate that the enterocyte was the target for the drug activity. Arachidonic acid did not elicit any functional changes in naive T84 monolayers, suggesting that the immune mediators and not merely the prostaglandin precursor alone are required to evoke increased epithelial permeability. Moreover, T84 cells do not appear to express the inducible COX II (unpublished data), suggesting that the piroxicam effect was via modulation of COX I activity. Measurement of PGE 2 , as a representative prostaglandin that can affect epithelia [18] , revealed that PGE 2 levels were not increased in the CM after culture, nor were they increased in lysates of treated T84 cells. Thus, no evidence was found for a role for PGE 2 in this model of immune modulation of epithelial barrier function: the involvement of the multitude of other arachidonic acid metabolites remains to be tested.
We draw attention to two possibilities that are not related to the ability of these pharmacologics to inhibit the synthesis and release of prostaglandins. First, the drugs may interfere with T84 intracellular prostaglandin-arachidonic acid metabolite signaling [33] . Second, piroxicam may act via a novel mechanism that is independent of the prostaglandin cascade. In this context, HT-29 epithelial monolayers treated with IFNg displayed a loss of barrier function that was partially prevented by 5-aminosalicylic acid [34] ; the investigators suggested that the drug competed for the IFN-g receptor. Because the ability of piroxicam to abrogate a loss of epithelial barrier function could have therapeutic consequences, our observations need to be substantiated by further studies to precisely delineate the mechanism of action of piroxicam (and ketoprofen) mediated) and forskolin (direct adenylate cyclase effects), were reduced in tissues from YPM-and SEB-treated mice, respectively. These results complement the data from the human in vitro model and underscore the ability of YPM to affect epithelial ion transport. Moreover, these data are reminiscent of the altered murine jejunal epithelial physiology documented in response to systemic SEB administration [12] and in other models of colonic inflammation [35, 36] . For example, trinitrobenzene sulfonic acid-induced colitis reduces the ability of PGE 2 to elevate epithelial cAMP levels [37] . Colonic ion secretion occurs predominantly across enterocytes at the base of the crypts, so damage or death of these cells could account for the diminished ISC events following YPM treatment. However, colonic histology was unaffected by YPM treatment, at least in the time frame of the present study (4 h), and so distinct alterations in colonic epithelial physiology have been identified in the absence of any structural modifications. The lack of overt epithelial damage correlates with a general absence of histopathology in the jejunum of mice treated with low-dose SEB [12] , and indeed SAg-induced toxic shock and subsequent mortality are minimal unless the host is primed with another agent such as lipopolysaccharide [23] or D-galactosamine [38] .
Comparison of the models used revealed two notable discrepancies. First, baseline ISC was elevated in colonic segments from YPM-treated mice but not in T84 monolayers exposed to YPM-activated PBMC. The mechanism underlying this discrepancy is unknown but is likely due to the presence of other cell types in vivo. For instance, nerves and stromal cells can modulate epithelial ion transport [18] . Thus, direct or indirect effects of YPM on these cell types in vivo may be responsible for the increase in baseline ISC. Second, ionic conductance across colonic segments from YPM-treated mice was not increased relative to controls, suggesting unperturbed permeability. This is contrary to observations in the in vitro model. However, an actual increase in epithelial permeability that would allow lumen-to-mucosal uptake can be masked in tissue segments examined ex vivo by opposing factors such as changes in the muscle or serosal layers. Additional in vivo permeability studies are required to examine further the ability of YPM immune activation to alter gut permeability. Despite these disparities, the juxtaposition of the in vitro and in vivo models illustrates that exposure to YPM results in immune activation and concomitant changes in colonic epithelial function.
In summary, our data demonstrate that exposure to the bacterial SAg YPM results in disruption of murine colonic ion transport in the absence of any overt colonic damage. Similar findings were observed in a human in vitro coculture model that also revealed the capacity of YPM immune stimulation to increase epithelial permeability. The disruption in T84 epithelial barrier and ion transport parameters was due to TNF-a and IFN-g; piroxicam (and to a lesser extent ketoprofen) abrogated the increase in permeability by a mechanism that remains to be defined. The data support the postulate that bacterial SAgs are putative etiologic stimuli in enteric secretory and possibly inflammatory disorders with the potential to initiate or potentiate disease. In this context, it is noteworthy that splenocytes from YPM-challenged mice were hyperresponsive to the sensitizing SAg and also to the unrelated SAg SEB and the mitogen ConA.
